INTRODUCTION
Polysoaps are a type of amphiphilic compound that consists of multiple alkyl chains and hydrophilic groups in each molecule. Many types of polysoaps have been synthesized and many of them form excellent dispersions or flocculants and exhibit much higher surface tension than conventional surfactants 1, 2 . The orientation of the alkyl chains of polysoaps is limited due to blocking and steric hindrance from the main polymer chain. It is necessary to control the balance of alkyl chains and hydrophilic groups to enhance the interfacial orientation of surfactants with multiple alkyl chains and hydrophilic groups. Oligomers or telomers are a type of polymer with degrees of polymerization of approximately 5 to 20. Oligomers can be obtained by the polymerization of vinyl mono-functional groups or by polymerizing vinyl monomers with alkyl chains. However, there are few reports on amphiphilic oligomers with several alkyl chains and several hydrophilic groups 5 7 . Thus far, our group has reported the synthesis and solution properties of multichain amphiphilic oligomers with several alkyl chains and several hydrophilic groups including anionic derivatives, such as alkyl acrylate-acrylic acid derivatives 8, 9 , maleic acid derivatives derived from maleic acid alkyl ester or N-alkyl maleamic acid 10, 11 , and N-α-carboxyalkyl acrylamide 12 , cationic derivatives, such as partially quaternized 2-or 4-vinylpyridine 13 17 , and zwitterionic derivatives, such as partially quaternized 4-vinylpyridine-sodium acrylate 18 . In these studies, we found that multichain oligomers reduced the surface tension to 30-40 mN m 1 and that increasing the number of alkyl chains resulted in lower critical micelle concentration cmc values. Further, the oligomers showed excellent foaming properties and high emulsification power for various solvents.
In this paper, we synthesized new multichain anionic amphiphilic oligomers consisting of dodecyl acrylamide and sodium acrylate i.e., xC 12 AAm-yAA, where x and y represent the number of dodecyl acrylamide C 12 AAm and sodium acrylate AA units, respectively . The chemical structure of the xC 12 AAm-yAA oligomers is shown in Fig. 1 . It should be noted that xC 12 AAm-yAA contains amide bonds between the polymer main chain and dodecyl chains, while the alkyl acrylate-acrylic acid oligomers introduced in our previous work 8 possess ester bonds. Several solution properties of the amphiphilic oligomers were evaluated via measurements of equilibrium and dynamic surface tension, pyrene fluorescence, dynamic light scattering, and steady-state fluorescence quenching.
EXPERIMENTAL PROCEDURES
2.1 Materials n-Dodecylamine, acrylic acid, acryloyl chloride, 2-aminoethanethiol hydrochloride, 2,2 -azobis isobutyronitrile AIBN , and triethylamine were purchased from Tokyo Chemical Industry Co., Ltd. Tokyo, Japan . Ethanol, hexane, methanol, tetrahydrofuran THF , hydrochloric acid HCl , and sodium hydroxide NaOH were obtained from Kanto Chemicals Co., Inc. Tokyo, Japan . Pyrene and hexadecylpyridinium chloride, which were used as a fluorescent probe and quencher, respectively, were obtained from Tokyo Chemical Industry Co., Ltd.; pyrene was purified via several recrystallizations from ethanol. All chemicals except pyrene were of reagent-grade purity and used without further purification.
2.2 Synthesis of dodecyl acrylamide and sodium acrylate-type anionic oligomers x C 12 AAm-yAA Acryloyl chloride was added to n-dodecylamine containing triethylamine dissolved in THF at 0 and left to react for 6 h. After filtering the mixture to remove the resultant inorganic salt, the solvent was removed by distillation under reduced pressure. The residue was washed once with a pH 2 HCl solution and three times with hexane then recrystallized three times from mixtures of hexane and ethanol. The n-dodecyl acrylamide C 12 12 AAm-yAA, where x and y are the degree of polymerization of C 12 AAm and acrylic acid AA , respectively were synthesized in methanol via the radical oligomerization of C 12 AAm and AA monomers using 2-aminoethanethiol hydrochloride dissolved in methanol as a chaintransfer agent in the presence of AIBN as an initiator under reflux for 10 h. The solvent was removed by evaporation under reduced pressure. The residue was dissolved in methanol, and then methanol containing NaOH was added. The resultant precipitate was collected via filtration and purified by repeated reprecipitation with water and methanol, resulting in the xC 12 AAm-yAA oligomers as a white solid at yields of 10-20 . The average polymerization degree of the oligomers was determined by the proton ratio in the 1 H NMR spectra and the C/N ratio obtained via 
Measurements
All the anionic amphiphilic oligomer solutions were prepared using Milli-Q Plus water resistivity 18.2 MΩ cm , and the measurements were performed at 25 . The pH of the solution was 9-10.
Equilibrium surface tension
The surface tension measurements were performed with a Krüss K100 tensiometer using the Wilhelmy plate technique. To obtain equilibrium surface tension, sets of measurements were performed until the change in the surface tension was less than 0.01 mN m 1 every 60 s. The cmc and the surface tension at the cmc γ cmc were determined from the breakpoint of the surface tension versus the logarithm of the concentration curve. In most cases, the surface excess concentration in mol m 2 and the area occupied by molecule A of the anionic oligomers at the air-water interface were calculated using the following Gibbs adsorption isotherm equations 19 :
Here, γ represents the surface tension in mN m 1 , R is the gas constant 8.31 J mol 1 K 1 , T is the absolute temperature, C is the amphiphilic oligomer concentration, dγ/ d lnC is the slope below the cmc in the surface tension plots, and N A is Avogadro s number. We use i y 1 for xC 12 AAm-yAA in this study, which is the number of species possibly involved assuming complete dissociation, because the oligomers are dissolved in one molecule and the number of y counterions in aqueous solution. If it is not complete dissociation, the value of i becomes small, and the occupied area A is smaller than the case of complete dissociation.
Dynamic surface tension
The dynamic surface tension was measured with a Krüss BP2 bubble pressure tensiometer. The maximum bubble pressure method is an easy-to-use method for determining the dynamic surface tension. In bubble pressure tensiometers, gas bubbles with an exactly defined bubble formation rate are produced in oligomer solution. The air bubbles enter the solution through a capillary made of silanized glass with known geometry.
Steady-state fluorescence
The fluorescence measurements were performed with a Hitachi 650-10S fluorescence spectrophotometer. The spectra were recorded between 360 and 400 nm at an excitation wavelength of 335 nm, and a pyrene concentration of 3 10 6 mol dm 3 for anionic oligomer solution. The fluorescence intensity ratio of the first 373 nm vibronic peak to the third 384 nm vibronic peak I 1 /I 3 depends on the environment of the pyrene molecules. The pyrene is located in hydrophobic environment such as micelles when the I 1 /I 3 ratio decreases.
Dynamic light scattering DLS
The DLS measurements were performed with the DLS-7000 Otsuka Electronics Co., Ltd., Japan using an argon laser λ 488 nm at a scattering angle of 90 . All anionic oligomer solution was filtered with a 0.45 μm membrane filter of mixed cellulose acetate before the measurements. For spherical particles, the diffusion coefficient extrapolated to zero concentration D 0 is converted to the apparent hydrodynamic diameter D H using the StokesEinstein relation 20 :
where k is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of the solution.
Fluorescence quenching
The aggregation numbers of the micelles were obtained using the quenching method with pyrene as the fluorescence probe and cetylpyridinium chloride CPC to quench the pyrene fluorescence. Pyrene was excited at 335 nm and its emission recorded at 384 nm. In the anionic oligomer solution, the concentration of pyrene was 3 10 where I and I 0 are the fluorescence intensities with and without quencher, respectively, and C and Q are the concentrations of surfactant and quencher, respectively.
RESULTS AND DISCUSSION

Surface tension properties
The surface tensions of the xC 12 AAm-yAA anionic amphiphilic oligomers were determined at 25 as a function of the concentration and are plotted in Fig. 2 . The surface tension decreased as the concentration increased until it reached a clear breakpoint that is considered to be the cmc. Table 1 summarizes the values of cmc, surface tension at the cmc γ cmc , surface excess concentration Γ , and area occupied per molecule A for xC 12 AAm-yAA along with the corresponding data for the conventional sodium n-dodecanoate anionic surfactant 22 mN m 1 when they contained multiple C 6 chains, multiple C 8 chains, and multiple C 12 chains, respectively; therefore, it is evident that an increase in the alkyl chain length increases the surface tension 8, 9 . The surface tensions of xC 12 AAm-yAA are much lower than those of the ester-type oligomers xC n A-yAA. This indicates that both strong hydrophobic interactions between dodecyl chains in the air phase and intra and inter molecular hydrogen bonding between the amide groups of dodecyl acrylamide in the water phase occur simultaneously and more efficiently for xC 12 AAm-yAA. The area occupied per molecule significantly increased as the polymerization degree of the oligomer was increased from 10.5 to 24.0 because the structure of the oligomer became larger. Thus, it was found that amphiphilic oligomers, especially 1.4C 12 AAm-3.8AA and 3.0C 12 AAm-7.5AA, adsorb readily at the air-water interface because of the strong intra and inter molecular hydrogen bonding interactions between the amide groups of the oligomer and orient efficiently, despite their large size, resulting in decreased surface tension. These results are also supported by the parameters of pC 20 and cmc/C 20 ratio proposed by Rosen 19 . .5AA tends to form micelles in solution rather than adsorb interfacially. This is also related to the increase in surface tension, i.e., inefficient interfacial adsorption.
To investigate the kinetics of the adsorption of the anionic xC 12 AAm-yAA amphiphilic oligomers at the air-water interface, dynamic surface tension measurements were performed using the maximum bubble pressure technique. The oligomers did not affect the surface tension, i.e., the values were close to that of water 72 mN m 1 after 30 s, even at concentrations of twice the cmc. This indicates that adsorption of the amphiphilic oligomers at the air-water interface is slow because of steric hindrance caused by the long polymer chain and multiple dodecyl chains in addition to micelle formation in the solution.
Aggregation properties in solution
The aggregation properties of the anionic amphiphilic oligomers in solution were further investigated via the pyrene fluorescence intensity ratio I 1 /I 3 , dynamic light scattering DLS , and fluorescence quenching measurements. The variation in the fluorescence intensity ratio, I 1 /I 3 , as a function of the concentration of xC 12 AAm-yAA at 25 is plotted in Fig. 3 . In general, when the I 1 /I 3 ratio is close to 1.8, the molecules are not solubilized into micelles, whereas a ratio close to 1.2 indicates that micellization occurs and pyrene is solubilized inside the hydrophobic core of the micelles. For 7.5C 12 AAm-16.5AA and 12.9C 12 AAm-17.6AA, which have high degrees of polymerization, the I 1 /I 3 ratio decreased at a concentration around the cmc value, which was obtained from the surface tension measurements, and reached approximately 1.2 when the concentration was 40 times the cmc. On the other hand, for 1.4C 12 AAm-3.8AA and 3.0C 12 AAm-7.5AA, which have low degrees of polymerization, the I 1 /I 3 ratio began to decrease at concentrations above the cmc and reached approximately 1.2 when the concentration was 80 160 times the cmc. This behavior differs from that of conventional surfactants that have a single chain. Thus, the trends of the I 1 /I 3 ratio were affected by the degree of polymerization of the oligomers. This indicates that oligomers with low polymerization degrees form loose micelles that are not completely hydrophobic in the interior because pyrene is not easily solubilized in micelles that are formed from a few dodecyl chains of an oligomer. Further, the slow decrease in the I 1 /I 3 ratio, which is not observed for conventional surfactants, means that micelles that are densely packed with alkyl chains are formed by the strong hydrophobic interactions that occur upon increasing the concentration.
To confirm the formation of aggregates, DLS measurements were performed, and the variation of the apparent hydrodynamic diameter D H with concentration was investigated for xC 12 AAm-yAA. The results are shown in Fig. 4 . Two major hydrodynamic diameters were detected around 5-15 and 50-200 nm. It is proposed that the smaller particles correspond to micelle-like small aggregates formed by a few oligomers and the larger ones correspond to masses of aggregates with a diameter of approximately 10 nm. The D H values for the larger aggregates become large at the concentrations at which pyrene began to solubilize in the hydrophobic environment of the aggregates. This indicates that the states of the aggregates change around these concentrations. 12.9C 12 AAm-17.6AA exhibited the largest D H values for the larger aggregates because of its large structure and longest polymer main chain.
The aggregation number N of the aggregates formed by the oligomers was determined via a steady-state fluorescence quenching method. As shown in Eq. 4 , the values of N can be obtained at constant oligomer concentration of C with the quencher concentration of Q. The plots of Q / C-cmc and ln I 0 /I gave straight lines for all the oligomers, and the values of N were obtained from the slopes.
The variation in N as a function of the concentration of xC 12 AAm-yAA at 25 is plotted in Fig. 5 . The values of N at high concentrations of 1.4C 12 AAm-3.8AA, 3.0C 12 AAm-7.5AA, 7.5C 12 AAm-16.5AA, and 12.9C 12 AAm-17.6AA were 8.4, 3.4, 2.5, and 2.2, respectively. The aggregation number of the oligomers decreased with increasing polymerization degree. This indicates that higher polymerization degrees of the oligomers impair the formation of aggregates due to the large structure caused by the longer polymer main chain. The aggregation number of the oligomers also increased around the concentrations at which pyrene was solubilized in the hydrophobic regions of the aggregates, as described above. This behavior is in agreement with the results of the D H values from the DLS measurements. Thus, the I 1 /I 3 ratio, DLS and fluorescence quenching results showed that the oligomers formed small aggregates composed of a few molecules at the concentrations at which the I 1 /I 3 ratio began to decrease and larger aggregates were formed by masses of some aggregates or dense packing with alkyl chains.
CONCLUSIONS
In this study, we synthesized four multichain anionic amphiphilic oligomers consisting of several dodecyl acrylates average polymerization degrees of 1.4, 3.0, 7.5, and 12.9 , sodium acrylates average polymerization degrees of 3.8, 7.5, 16.5, and 17.6 , and 2-aminoethanethiol as the terminal groups. We investigated the adsorption and aggregation properties of the oligomers via equilibrium and dynamic surface tension, pyrene fluorescence, dynamic light scattering, and steady-state fluorescence quenching measurements. Except for one example, the amphiphilic oligomers efficiently adsorbed and oriented themselves at the air-water interface despite the large oligomer structure analogous to conventional surfactants. The surface tension reached 31-34 mN m 1 at the cmc. In contrast, the oligomer with 7.5 dodecyl chains and 16.5 carboxylates showed poor adsorption and packing at the air-water interface. The cmc values of the amphiphilic oligomers were lower than that of conventional sodium n-dodecanoate surfactant, and, except for one example, increased with increasing number of sodium acrylates despite the increase in hydrophobic dodecyl chains, which demonstrates the excellent micelleforming ability. The cmc values of the oligomers with low polymerization degrees were lower than the concentrations at which pyrene solubilized in the oligomer aggregates in the pyrene fluorescence measurement; this is likely due to the formation of loose micelles that do not have completely hydrophobic interiors. Further, the amphiphilic oligomers formed small aggregates with approximately 10 nm diameters and large aggregates based on masses of aggregates in solution.
To date, there are only a few reports on the properties of multichain anionic amphiphilic oligomers with several alkyl chains and several hydrophilic groups in each molecule. Oligomer-type surfactants can be prepared easily by oligomerization using vinyl monomers and chain transfer agents. The results of this study may aid future studies on the structure-property relationships of novel surfactants.
